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Abstract 

A low- or room-temperature bonding method was developed for fabrication of glass-based microfluidic chips without the requirement of clean 
environment and programmed high-temperature furnaces. After fundamental pretreatments, the glass substrates and cover plates to be bonded 
were sequentially soaked in concentrated sulfuric acid, washed with high-flow-rate tap water, de-ionized water and treated using HF steam as a 
necessary step. Finally, the plates were bonded by bringing the cleaned surfaces into close contact either under a continuous flow of de-ionized 
water or directly when treated with HF steam, and annealing at low-temperature (<100 °C) or room-temperature. With the key improvements such 
as fabrication process optimization, gridding channel design and HF steam treatment, the glass-based chips could be obtained with fast, easy and 
high bonding yields (>90%). The bonding quality of the chips was evaluated by employing SEM, shear strength testing procedure and electric 
current measurement at different applied voltages. The mechanism for the strong bonding strength was presumably related to the formation of 
a hydrolyzed layer on the glass plate surfaces after soaking them in acid or water for extended periods. Microfluidic chips bonded by the above 
method were evaluated in the CE separation of monofuctional reactive dye Cy5-labeled bioamines. 

© 2005 Elsevier B.Y. All rights reserved. 
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1. Introduction 

Since the introduction of lab-on-a-chip devices in the early 
1990s, glass has been the dominant substrate material for their 
fabrication. This is primarily driven by the fact that fabrication 
methods were well established by the semiconductor industry, 
and surface properties and derivatization methods were well 
characterized and developed by the chromatography industry 
among others. Several material properties of glass such as favor¬ 
able optical properties and reproducible electroosmotic flow 
(EOF) properties make it a very attractive material for use in 
microfluidic systems; however, the cost of producing systems in 
glass is driving commercial manufacturers to seek other mate¬ 
rials such as polymer-based to reduce cost and simplify man¬ 
ufacturing procedures [1,2]. In the past decade, various micro 
glass-based devices have been fabricated for chemical and bio¬ 
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chemical applications including capillary electrophoresis (CE), 
capillary electrochromatography (CEC), micellar electrokinetic 
chromatography (MEKC) and DNA separations [3,4]. 

The glass-based chips are usually fabricated by etching the 
channel manifolds into glass substrates using standard pho¬ 
tolithographic and wet chemical etching methods, followed by 
the bonding of the etched plate with a flat cover plate. High- 
temperatures bonding processes are often employed. Glass sub¬ 
strate and glass cover plate are brought into close contact with 
each other forming closed channels under clean room conditions 
and are usually subjected to sophisticated temperature program¬ 
ming in a high-temperature muffle furnace at 620°C [5]. A 
direct bonding technique has also been developed, by which 
the glass substrate and cover plate are first surface hydrolyzed 
and joined by hydrogen bonding and then anneal at 500 °C [3]. 
Yin et al. [6] have reported a high-temperature bonding method 
of glass plates under routine laboratory conditions. The dis¬ 
advantages of the high-temperature bonding process are that 
it involves complicated manipulations requiring considerable 
expertise for achieving high yields and stringent laboratory 
conditions and hindered the fabrication of devices containing 











336 


L. Chen et al. / Sensors and Actuators B 119 (2006) 335-344 


temperature-sensitive materials such as immobilized chemical 
arrays, structural features such as electrodes and waveguides, or 
materials with different coefficients of thermal expansion. Con¬ 
sequently, bonding is desired at a process temperature lower than 
100 °C and manufacturing procedures simplified. In contrast to 
high-temperature bonding processes, low-temperature bonding 
of glass microfluidic chips usually involves the use of various 
adhesives below 100 °C. 

There are now a number of low-temperature techniques in 
commercial use for wafer scale bonding in the microelectronics 
industry, as alternatives to the silicon direct bonding method 

[7] , which requires a process temperature above 1100°C to 
achieve good bond strength. Among these are anodic bond¬ 
ing, eutectic bonding and the use of low-melting temperature 
glasses for bonding [ 8 ]. Anodic bonding is commonly used to 
bond glass to silicon, silicon to silicon, or glass to metal with 
electric field assistance while heat is applied (typically 300 °C). 
Eutectic bonding of metals is performed with applied pressure 
at the alloy melting temperature, which is lower than that of the 
pure constituents. Various glasses with low-melting points, such 
as boron-doped glass (450 °C) [9] and glass frit (400-600 °C) 

[ 8 ] have been used as an intermediate layer for silicon-to- 
silicon wafer bonding. Quenzer and Benecke [10] have used 
a spin-on sodium silicate layer to bond two wet-oxidized sil¬ 
icon wafers together at 200-300 °C. Yamada et al. [11] have 
used commercially available spin-on glass containing Si(OH) x , 
where 2<v<4, as an adhesive to bond silicon wafers with sil¬ 
icon dioxide or silicon nitride surface films at 250 °C. Wang 
et al. [ 12 ] have developed a low-temperature bonding method 
using a spin-on 7-10% sodium silicate layer as an adhesive at 
90 °C for 1 h or room temperature overnight for the fabrication 
of microchip devices. Nakanishi et al. [13-16] have presented 
a method using dilute hydrofluoric acid as an adhesive, and 
bonded the SiC> 2 —SiC >2 chip at room temperature assistant with 
pressure 0.01-1.3 MPa. Sayah et al. [17] have described two 
methods for direct pressure-assisted low-temperature bonding 
of glass substrates, involving epoxy gluing at 90 °C in the first 
method and exposure of the glass stack to high pressure in the 
100-200 °C temperature range in the second. Chiem et al. [18] 
have proposed a room-temperature bonding procedure featuring 
stringent washing of the plate surfaces under clean-room con¬ 
ditions. Fang et al. [19] have developed very recently a simple, 
room-temperature bonding process for the fabrication of glass 
microfluidic chips. 

In this paper, we present a simple low- or room-temperature 
bonding method for glass-based microfluidic chips with high- 
bonding quality and yield in routine laboratory, using a spin-on 
HF steam treated thin water film layer as an adhesive at process 
temperatures lower than 100 °C or room temperature. 


2. Experimental 

2.7. Apparatus , equipment and reagents for chip 
fabrication 

The glass substrates (substrate size: 63 mm x 63 mm x 
1.7 mm; SG 2506, Shaoguang Microelectronics Corp., China) 
coated uniformity with 145 nm thick chromium and 570 nm 
thick Az-1805 positive photoresist and the polishing glass cover 
plates with the same size bought in the same company were used 
for the bonding experiments. The chemical constitutes of the 
glass substrates used in our experiments were listed in Table 1 . 

A kind of low-cost film photomasks designed with Corel¬ 
DRAW 9.0 (Corel, Canada) were printed by a laser phototypog¬ 
raphy (Katana 5055, Japan). The designed film photomasks were 
transferred by ultraviolet exposure lithography onto the glass 
substrate using a Photolithographic Machine (JKG-2A, Shang¬ 
hai Xue Ze Optical Mechanical Co. Ftd., China). The small- 
drilled holes were performed using a High Speed Platform Drill 
Machine (Tianjin Fourth Machine Tool Factory, China). Ther¬ 
mal bonding for glass chips was performed in a programmable 
Vacuum Torrefaction Chamber (DZF-6020, Shanghai Jinghong 
Experimental Equipment Company, China). 

The mixture of 0.4 mol F -1 (NH 4 ) 2 Ce(N 03 ) was used 
to dissolve Chromium layer, 104 mL 70% HCIO 4 , 6400 g 
(NH 4 ) 2 Ce(N 03)6 and 1760 mL de-ionized water mixed 
together; The mixture of 1 mol F -1 HF/NH 4 F was used as glass 
etching solution, ImolF -1 HF and ImolF -1 NH 4 F mixed 
together; 0.7% NaOH solution or ethanol was used to dis¬ 
solve the photoresist; The concentrated sulfuric acid mixture 
H 2 SO 4 /H 2 O 2 (4:1) was used to cleaned the probably contami¬ 
nations on the plates surfaces. 

2.2. Fabrication procedure 

Fabrication of glass-based microfluidic chips involves 
microchannels fabrication using a photolithographic and wet 
chemical etching procedure, followed by the bonding of the 
etched plate with a flat cover plate. Based on the fabrication 
process of glass-based chips previously described by Yin et al. 
[ 6 ], the detailed bonding process presented in this paper was 
shown in Fig. 1. 

In the procedure, the film photomasks were designed with 
the main channels surrounded by gridding channels intersect¬ 
ing with each other (refer Fig. 2). The profile of the designed 
film photomasks was transferred by ultraviolet exposure onto 
a glass substrate (refer Fig. 2). After exposure the photoresist 
was developed in 0.7% NaOH and hard-baked for about 10 min 
at 110°C, the exposed chromium channel on the glass sub- 


Table 1 

The chemical constitutes of the glass substrates 


Type of the glass 

Main chemical constitutes 

Major constitutes 

Specification 

Boro-silicate glass 

<n(Si0 2 ) = 74.8%, <n(B 2 0 3 ) = 14.7%, <n(Na 2 0) = 4.5%, 
w(K 2 0) = 0.5%, co( BaO) = 2% 

&»(Si0 2 ) = 74.8%, w(B 2 0 3 ) = 14.7% 

China BJ40 

Quartz glass 

<n(Si0 2 ) > 99.9-99.98%, w(Fe 2 0 3 ) < 0.002 

&>(Si0 2 ) > 99.9-99.98% 

HCSY01 
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Fig. 1. Procedure of chip fabrication. 


strafe was eliminated by 0.4 mol L -1 (NH 4 ) 2 Ce(N 03)6 solution, 
and the channels were chemically wet etched in a well-stirred 
bath containing 1 molL -1 HF/NH 4 F, the length of etched time 
determining the channels dimensions. Then, incise the glass to 
the sizes needed and drill 1 -mm-diameter reservoirs at each 
main channel terminals on the etched glass substrate using an 
emery drill-bit forming reservoirs, the photoresist was elimi¬ 
nated by ethanol and the exposed chromium out of the channels 
was eliminated by 0.4molL _1 (NH 4 ) 2 Ce(N 03)6 solution. The 
glass substrate and cover plate were dipped into concentrated 
sulfuric acid H 2 SO 4 /H 2 O 2 (4:1) for about 12 h (notice: this 
step should be handled with great care using PTFE forceps, 
while wearing one-time protective gloves) and rinsed using 
high-speed tap water succeeded with de-ionized water, then the 
cleaned plates were immediately put into the chamber containing 
1 molL -1 HF/NH 4 F solution (refer Fig. 1), and opened the tap 
water to pump a certain vacuum of the closed chamber for a few 
minutes, treating the plates with HF steam for about 15-30 min. 
Finally, the surfaces of glass substrates and cover plates were 
closed positioned together directly for bonding at low- or room- 
temperature (notice: this step should be handled with great care 
using PTFE forceps, while wearing one-time protective gloves). 
Considering the toxicity of HF, the temperature of the chamber 


was keep at the room temperature, and the experiments must be 
carried out at a ventilating cabinet. 

2.3. Chip bonding quality testing 

2.3.1. Surface roughness and bonded interface image 
Atomic force microscope (SPA-300 HV Seiko Instruments 

Inc., Japan) was used to observe the surface roughness. Scan 
electron microscope (SEM KYKY2000, CAS) was used for 
imaging the cross-sectional view of bonded interfaces. 

2.3.2. Shear strength test 

The shear strength of the bonded glass-based chips fabricated 
with a bonding area of 21 mm x 63 mm x 1.7 mm was measured 
using homely-made clamp equipment [ 20 ], as schematic dia¬ 
gram shown in Fig. 3. The maximum shear strength endurable 
by the chips was not measured until the bonding failed, i.e. one 
plate of the glass-based chip was pushed with the force increas¬ 
ing until a bonding failure occurred. 

2.3.3. High-voltage test 

The voltage-ampere curve was an important parameter in 
evaluating the bonding quality of glass chip. A range of 1-20 kV 




UV light 
Film photomasks 
570 nm Photoresist 
145 Chromium 

Glass 


Fig. 2. The profile of the designed film photomasks transferred by ultraviolet exposure lithography onto the glass substrate (right) and the top view of the film 
photomasks (left), the main channels surrounded by gridding channels intersecting with each other. 
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Fig. 3. Schematic diagram of the shear strength test experiments. 


the lauryl sodium sulfate (SDS, Acros) and methanol (Merck) 
as additives. All the solution and de-ionized water were filtrate 
through 0.20 p,m membrane. 

The room-temperature bonded chip performances was car¬ 
ried out using a LIF detection and a multichannel high-voltage 
power supply. The microchannels on chips were treated care¬ 
fully with 0.1 M NaOH, 1M H 2 SO 4 , rinsed with de-ionized 
water and finally the buffer solution, before use. Buffer solu¬ 
tion was filled into the buffer and waste reservoirs, and a sample 
with Cy5-labeled bioamines was filled into the sample reservoir. 
Platinum wire electrodes were inserted into the reservoirs. The 
sample was injected into the CE separation channel by pinched 
injection mode. A field strength of 300 V/cm was applied for CE 
separation, with an effective separation length of 35 mm. 



high-voltage power supply (DW-P203-1AC, Tianjin Dong wen 
Power Supply Factory, China) was used for measuring electric 
current in the separation channel at different applied voltages, 
and for endurance testing of the bonded chips under high volt¬ 
age. The electric current was digitally displayed in the power 
supply, and recorded at every 10 min intervals. The endurance 
to high voltage of the bonded glass-based chips with crossed- 
channel design was tested by continuously applying a voltage 
of 2000 V at two reservoirs connected by a 40-mm-long chan¬ 
nel, 500 V/cm field strength, channel dimensions: 100 p,m (top 
width) x 60 |mm (low width) x 20 fxm (depth) x 40 mm (separa¬ 
tion channel length) and 10 -mm-long sample channel, filled with 
4 mM borate buffer, for 12 h. Potentials of 4-6 kV were applied 
for identifying an electrical breakdown value. 

2.4. Chip performances in CE separation 

An 8 -channel high-voltage power supply (Shandong 
Academy of Chemical Engineering, China), variable in the 
range of 0-5000 V, was used for on-chip sample injection 
and CE separation. A 635 nm LIF detection device was 
homely-made for detection. Monofuctional reactive dye Cy5 
hydrolysate (0.30 mmol L -1 , Cy5-OH) labeling reagent was 
prepared by dissolving a pack (labeled for 1 mg proteins) 
obtained from Amersham Pharmacia Biotech Inc (NJ, USA) 
in 1 mL dimethyl sulphoxide (DMSO), gridding nine times vol¬ 
ume of 20 mmol L -1 borate buffer (pH 9.3) reacting for 30 min 
at a room temperature. The concentration of Cy5 hydrolysate 
can be estimated by the [Cy5] = A650nm/250,000, where A650nm 
is the absorbency of the Cy5 at 650 nm. Stock solutions of 
0.4 mmol L -1 bioamine sample were prepared from putresine 
and cadaverin purchased from Sigma, by dissolving the two 
bioamine samples in sodium borate buffer (pH 9.3), respectively. 
The Cy 5-labeled bioamines solutions containing 0.2 mM of each 
bioamine were prepared by mixing 1.0 mL of the stock solutions 
of each of the bioamines with same volumes Cy5 DMSO solu¬ 
tions, reacting for 30 min in the dark at room temperature. A 
mixture of the sample was prepared by mixing 0.5 mL of each 
of the labeled bioamine solutions and/or diluting to 20 mmol L _ 1 
borate buffer according the requirement. Sodium borate buffer 
(20 mM, pH 9.3) was used as the working electrolyte for micellar 
electrokinetic chromatography (MEKC) separation, by adding 


3. Results and discussion 

3.1. Key characteristics of chip fabrication process 

3.1.1. Optimized chip fabrication process 

The successful bonding chips are depend on stringent pre¬ 
bonding treatments. There are many parameters affecting the 
bonding process and, therefore, the bonding quality [12,18,19], 
for example, the cleanliness of the glass plates, the surface flat¬ 
ness of the glass plates, bonding temperature and pressure. The 
basic requirement for strong bonds to be achieved between the 
two surfaces of glass is the two surfaces must be brought into 
excellent quality intimate contact. To fulfill the requirement, the 
surface must be free of solid particulate matter or organic mate¬ 
rial remaining and thus, the bonding must be performed in a 
clean room environment. Surface roughness and flatness also 
affect the contact of the surfaces. Our experiences demonstrated 
that the effective protecting surfaces from any probably damage 
was the most important among these parameters. 

Compared with the usually fabrication process described by 
Yin et al. [6] , the chip fabrication process presented in this exper¬ 
imental work has put the steps of glass incising, hole drilling 
before the steps of photoresist eliminated and exposed chromium 
eliminated (refer Fig. 1). If the exposed chromium out of the 
channel and photoresist were eliminated by 0.7% NaOH or 
ethanol and (NH 4 ) 2 Ce(N 03)6 solution, respectively, before the 
glass incising and hole drilling, the surfaces of the glass would 
probably have been hard damnified even at a discreet operation. 
By only these minor arranged steps could protect effectively 
the surfaces of the glass plates from the probably mechanical 
damage. Moreover, the probably surface contaminants and those 
particulate remaining in the microchannel structures should be 
cleaned and removed using detergents, water-soluble organic 
solvents (e.g., ethanol and acetone), concentrated sulfuric acid, 
and high-flow-rate tap water [19]. These were important pre¬ 
treatment steps in successful bonding the glass-based microflu¬ 
idic chips. 

3.1.2. Designed gridding channels for ventilation 

The other important step involved the chip fabrication process 
was the design of cross-linking gridding channels surrounding 
the main channels (refer Fig. 2). The size of the intersected chan- 
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Table 2 

Effectiveness of gridding channels design and HF steam treatment 
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Bonding temperature 

Gridding channels 
design 

HF steam treatment 

Shear strength (N/cm 2 ) 
with three trials 

Product ratio (%) 

Remarks 

High-temperature at 620 °C a 

No 

No 

0.8-1.2 x 10 3 

~35 

Water blasting easily 


Yes 

No 

3-8 x 10 2 

>40 

No water blasting 


Yes 

Yes 

2-6 x 10 2 

>96 

No water blasting 

Low-temperature at 70-90 °C b 

Yes 

No 

40-70 

<10 

<4 days 


Yes 

Yes 

60-100 

>90 

2-3 h 

Room-temperature at 20 ± 5 °C b 

No 

No 


<5 

7-30 days 


Yes 

No 

20-50 

~10 

3-7 days 


Yes 

Yes 

30-60 

>92 

1-3 days 


a Heating program: pre-heating up to 150 °C, keep 150 °C for 50 min; increase temperature up to 300 °C, keep 300 °C for 60 min; increase temperature up to 
620 °C, keep 620 °C for 360 min and then decrease temperature down to 400 °C, keep 400 °C for 60 min. 
b When the chips were bonding at low- or room-temperature, the chips should be positioned in a ventilated place. 


nels was generally designed at about 1/10-1/3-fold of the main 
channels. These channels were effective in ventilating the water 
moisture during the chip bonding process, preventing the water 
blasting suddenly and sharply when at high-temperature bonding 
and/or accelerating the stabilized bonding process speed when 
at low- or room-temperature bonding, as shown in Table 2. 

The small quantity of water moisture between the pair of 
glass substrate and cover plate could also generate blasting 
easily and finally effected the chips product ratio and quality 
when bonded at high temperature. Although by prolonging the 
preheating time at heating program could reduce the damage 
blasting, this was not an effective method. It was also found that 
excess water between the two surfaces of the glass resulted in the 
failure of the low-temperature bonding process, presumably due 
to the need for higher temperatures or longer annealing times for 
its removal. So the gridding channels design were an effective 
method in accelerating the bonding process speed at low- or at 
room-temperature bonding, shorten the bonding time. 

3.1.3. No requirement of clean environment 

In routine laboratory, there are thousands uponthousands 
micron and nanometer grains suspended in the air, and these 
grains adhere to the surface of the glass would affect the bond 
quality greatly, so the cleaned and hydrolyzed glass surfaces 
should not be exposed to an unclean environment and the chips 
bonding must be bonded in super clean room condition. In order 
to avoid the requirement for clean-room facilities, the effective 
methods, whether a high-temperature bonding process or room 
temperature bonding, glass substrates and cover plates were 
brought into contact under a continuous stream of de-ionized 
water flow to avoid contamination from the environment, before 
bonding [ 6 ]. Then the closed contact glass chips could anneal 
at a high- low- or room-temperature treatment, reliable bonding 
was achieved at low- or room-temperature with a much slow 
speed (refer Table 2). Although the room-temperature bond¬ 
ing procedure is sufficient for most chip-based applications, a 
stronger permanent bonding may be achieved by a subsequent 
high-temperature treatment if required. In that case, the present 
approach may be used as a pretreatment before the furnace heat¬ 
ing process, i.e. with the room-temperature bonding method 
and then high-temperature treatment, and almost 90% bond¬ 


ing yield could be obtained. A more than 90% high-bonding 
yield was achieved in our routine laboratory using low- or room- 
temperature bonding method after the following step. 

3.1.4. Necessity ofHF steam treated hydrolyzed plates 
surface 

To achieve strong bonds between the two surfaces, the con¬ 
tacting surfaces must react with each other. After the treatment 
with the concentrated sulfuric acid, the surfaces would have a 
high density of Si—OH groups suited for hydrogen bonding when 
brought the two surfaces together during the high-temperature 
curing process [ 6 ] or room temperature process [19]. In our 
research, we found that the glass substrate and cover plate treated 
with HF steam was an important pretreatment step to enhance 
the glass-to-glass bonding product ratio. 

When the surfaces of the glass substrate and cover plate 
were carefully treated according to the chip fabrication process, 
in the last stage, i.e., the plates were soaked in concentrated 
sulfuric acid overnight at room temperature and cleaned with 
high-speed-tap water and de-ionized water, the plate surfaces 
would be hydrolyzed with a thin layer of water. Then such plate 
surfaces were positioned discreetly into the closed chamber to 
be treated with HF steam (refer Fig. 1), the quality as well as 
the product ratio would improve greatly, as shown in Table 2. 
When the glass plate surfaces were put into the closed chamber 
containing 1 mol L -1 HF/NH 4 F solution, the very small amount 
of HF steam in the air within the chamber dissolved into the 
thin layer water of the glass surfaces, forming a hydrofluoric 
acid (H 2 OHF). The glass substrate and cover glass plate were 
brought closed contact with each other, a spin-on HF thin water 
film layer would create between them and reaction taken place, 
as schematically shown in Fig. 4. The device could be annealed 
at either low temperature (<100 °C) or room temperature. Dur¬ 
ing the room temperature bonding, a bonding wave was observed 
once the two glass surfaces were brought into initial contact, and 
within a few seconds, the contacting wave had spread over the 
entire area. The cover plate could be removed using a thin blade 
after the initial bonding, but was very difficult to remove after the 
annealing process. Applying pressure of about 0.1-1 MPa dur¬ 
ing the annealing process by clamping the two pieces together 
also gave better bonding. 
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Fig. 4. Schemiatic diagram of the glass surfaces treated with HF steam and the bonding process. 


Compared with the sodium silicate adhesive [10-12], the 
advantage of the method presented here was that the HF steam 
could be controlled easily and conveniently, and more important 
was that the surfaces treated with HF steam were uniformity 
without any probably putridly fine particles accompanied by 
sodium silicate leading a liquid-logged in the channel. The 
direct using hydrofluoric acid as the adhesive could also lead 
the liquid-logged in chip with fine channels design. The surface 
of boro-glass surface after the cleaning described above was 
as smooth as that before the cleaning with the surface rougth- 
ness of about 4-5 nm. When the boro-glass surface cleaned and 
treated with HF steam, the surface rougthness was only a little 
rougher (refer Fig. 5). Moreover, the reactivity of the surface 
was proportional to the dilute concentration of the hydrofluoric 
acid. The concentration of hydrofluoric acid must be sufficient 
for the condensation reaction to occur, but not so much as to 
etch the channel, which increases the rougthness and reduces 
the bonding efficiency. 

3.2. Mechanism of low- or room-temperature bonding chips 

The bonding mechanism for direct bonding of quartz 
glass (Si02—SiC> 2 ) is now clear and commonly accepted. 
The two hydrolyzed quartz glass plate surfaces were ini¬ 
tially held together by hydrogen bonding and then joined by 
siloxane bond formation during the annealing process either 
at high or low temperature, the Si—OH groups gradually 
dehydrated, forming siloxane bonds and terminating with a 
condensation-polymerization reaction [19]. When the quartz 
glass plates were treated with HF steam, there was chemical 
reaction, 

Si0 2 + 4HF = SiF 4 t + 2H 2 0 (1) 

Accompanying by the SiF 4 f and H 2 O dried or disappeared, 
the two glass plates first dissolved and then unified immerged 
into one block of Si02. That was to say, the adhesion of the 
two pieces of quartz glass surfaces would reopen with the 
high-energy bond form. Low temperature condensation reac¬ 
tions between Si—OH groups to form Si—O—Si bonds had been 
appeared in the bonding process taken place between the two 
pieces of glass. The natural dehydration process was slow, appar¬ 
ently being determined by the speed of water evaporation from 
the bonded surface, so the design of gridding channels intersect¬ 
ing with each other was a necessary step. 



0.00 [nm] 6.44 

Fig. 5. AFM images of the surface of the boro-silicate glass (upper) untreated 
and (lower) treated with HF steam. 

































L. Chen et al. / Sensors and Actuators B 119 (2006) 335-344 


341 


The major raw materials of boro-silicate glass are SiC> 2 , 
B 2 O 3 and Na 20 , and boro-silicate glass is generally consisted 
of &>(Si0 2 ) = 70-80%, &>(B 2 0 3 ) = 6-15%, a;(Na 2 O) = 4-10%, 
o;(A1 2 0 3 ) = 0-5%, co( BaO) = 0-2% and co( CaO) = 0-2%. 
For example, Pyrex-7740 glass (one kind of boro-silicate 
glass) is consisted of <z>(Si 02 ) = 80.5%, <z>(B 20 3 ) = 12.6%, 
&>(Na 2 0) = 4.5%, <w(A1 2 0 3 ) = 2.1%, tw(CaO) = 0.1%. The 

boro-silicate glass used in this paper is &>(Si 02 ) = 74.8%, 
w(B 2 0 3 ) = 14.7%, o)( Na 2 0) = 4.5%, co( K 2 0) = 0.5%, 

&>(BaO) = 2% (refer Table 1). In boro-silicate glass, the 
trigonometry structure of boron oxide [B0 3 ] is transformed 
into the tetrahedron structure of boron oxide [BO 4 ] with the 
aid of the free oxygen supplied by sodium oxide (Na 20 ) and 
the structure of boron is changed from the layer-shape to the 
frame-shape. The uniform and consistent glass can be easily 
formed with B 20 3 and SiC >2 based on above changes. The 
integrality and tightness of the bora-silicate structure network 
would be enhanced when the B 20 3 is immerged into the 
network as the form of [B0 3 ] or [BO 4 ], especially, the network 
was completed with [BO 4 ] and [SiC> 4 ] together, i.e. structure 
unit of them was [Si/B—O]. Therefore, there are many excellent 
properties for the boron-silicate glass, such as remarkable 
thermal and chemical stability, favorable mechanical and 
optical characteristics. It was certainly that the boro-silicate 
glass more fitful for high-temperature bonding. Similarly, a 
hydrolyzed film layer would be formed on the bora-silicate 
glass surfaces when the plates were soaked in acid or water for 
tens of hours, during which most of the Si/B—ONa groups near 
the surface of the chips were transformed into a high density of 
Si/B—OH groups. When the hydrolyzed glass-based plates were 
treated with HF steam, the dilute hydrofluoric acid (HFH 2 O, 
p^a=3.20 at 298 K) would be formed easy due to the strong 
hydrogen-fluorin bond formation on their surface, forming a 
HF films layer with high reactivity. The boro-silicate glass used 
could be simply expressed as B 20 3 - 5 Si 02 -H 20 according the 
major constitutes, &>(Si 02 ) = 74.8%, <z>(B 20 3 ) = 14.7%. There 
was chemical equation: 

B 2 0 3 -5Si02'H 2 0 + 26HF = 2BF 3 f + 5SiF 4 t + 18H 2 0 

( 2 ) 

Just as analyzed above, the bonding strength of quartz glass 
and boro-silicate glass was similar. The bonding quality of 
boro-silicate glass was acceptable, i.e. the bonding strength was 
enough for normal use in micro TAS applications, so much as 
the micro/nano liquid chromatography in a chip, because the 
SiC >2 content of boro-silicate glass was generally 70-80%. 

Other kinds of glass can be universally expressed as 
aM x Oy bSi 02 cH 20 , suppose: a = b = c= 1 , there is similar 
equation: 

M^0 r Si0 2 -H 2 0 + (4 + 2y)HF 

= xMF2y/x + SiF 4 1 + (y + 3)H 2 0 (3) 

From the equation, we can see that besides the SiF 4 t and 
H 2 O there was a salt xMF2y/x, which could affect the bonding 
quality. That was the main differences between the quartz glass 
and other silicate glass. The bonding strength of the glass based 


chips were determined by the Si 02 content as well as B 20 3 
content, for example, quartz > boro-silicate. 

3.3. Bond quality evaluations and practical application 

The bonding quality of glass chips using the above process 
was evaluated by employing SEM. The cross-sectional view of 
bonded interfaces was shown in Fig. 6 . As shown in the images of 
the figure, the glass interfaces shown by the arrows were unified 
immerged. 

The bonding quality of the chips were evaluated by employ¬ 
ing shear strength testing, compared with that using a con¬ 
ventional high-temperature bonding method (refer Table 2), 
and by measuring electric current at different applied voltages. 
The bonding strengths of room-temperature (25 =b 5 °C) bonded 
chips following different anneal periods were evaluated using a 
shear force testing technique. The effects of postbonding anneal 
time on bonding strength for chips treated with HF steam or 
only soaked in sulfuric acid then cleaned with water were stud¬ 
ied. The measurements were made 1, 3, 10, 20 and 25 h after 
initial bonding, a total number of 36 separate chips were sub¬ 
jected to the tests, and the results were shown in Fig. 7. The final 
tests were conducted until a several days duration period, and 
then the maximum bonding strength were measured. Since each 
chip was destroyed during the test, the data for varying anneal 
times were collected from different chips. 

On the one hand, for chips treated with HF steam of the pre¬ 
treatment, bonding strengths increased on anneal times and grad¬ 
ually stabilized at a maximum value about 60 N/cm 2 only 1-3 
days after bonding. About 90% of maximum bonding strength 
could be achieved after 24 h bonding, when the strength was suf¬ 
ficient for most applications. On the other hand, for chips soaked 
in sulfuric acid then cleaned with water of the pretreatment, 
bonding strengths increased also on anneal times and gradu¬ 
ally stabilized at a maximum value about 50 N/cm 2 3-7 days 
after bonding (refer Table 2). About 70% of maximum bond¬ 
ing strength could be achieved after 24 h bonding. Although the 
bonding strengths of chips treated with HF steam or soaked in 
water did not differ significantly, the yield for successful bond¬ 
ing of HF-steam-treated chips was significantly higher. 

Endurances of two room-temperature bonded chips with sim¬ 
ilar channel dimensions to high voltage were tested by mea¬ 
suring electric current at different applied voltages, as shown 
in Fig. 8 . With an applied voltage less than 2000 V, 500 V/cm 
field strength, the two voltage-ampere curves were a straight 
linearity relationship. With an applied voltage of 1000 V, the 
observed variation in current during a total testing time of 24 h 
for the two chips showed an average reproducibility of 3.5-4.0% 
R.S.D. The largest R.S.D. for a single chip was 4.0% ( n- 10). 
The longest continuously operated period during this study was 
30 h, during which the current R.S.D. was 3.7% (n = 30). Under 
an applied voltage of 2000 V (500 V/cm field strength), results 
similar to those obtained under 250 V/cm field strength were 
obtained. Under applied voltages of 4-6 kV (1.0-1.5 kV/cm field 
strength), constant currents were maintained for about 3-5 h. 
When higher voltages (>10kV, 2.5 kV/cm field strength) were 
applied, excessive current fluctuations occurred. 
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Fig. 6. SEM images of the cross-sectional bonded interfaces. The arrows in 
images showed the glass interfaces and the lowest was the enlargement of the 
dashed rectangle in the middle image. 


Although the mechanical strength of low- or room- 
temperature bonding glass-based chips was a little lower than 
that of the high-temperature bonding, strong bonds between 
glass surfaces and good channel sealing had been achieved, 
which were sufficient for most chemical microchip applica- 
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Fig. 7. Effect of annealing time vs. shear strength of glass-based chips using 
room-temperature (25 ± 5 °C) bonding method. The glass substrates and cover 
plates were (upper) all treated with HF steam and (lower) not treated with HF 
steam, before bonding. 


160 



0 _ i _I_i_I_i_I_ i _ I _i_I_i_i _ i _I_L 


50 100 200 300 400 500 600 700 800 

Electric field (V/cm) 

Fig. 8. Electric current in separation channel measured as a function of the 
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Fig. 9. Electropherograms of repetitively introduced samples of a Cy5- 
labeled biomine. Peaks: 1, putresine, 2, cadaverin; Working buffer solution: 
20mmolL _1 borate, 20mmol SDS, 5% methanol, pH 9.3; Applied field 
strengths for filling of sampling channel and CE separation were 400 and 
300 V/cm, respectively; Effective separation channel length, 35 mm. 

tions. Based on the work, theoretical and experimental [21-23], 
related to the microfluidic chips performances, the reliability and 
performance of glass-based chips bonded at room temperature 
were tested in the CE separation of a mixture of Cy5-labeled 
bioamines under an applied voltage of 1200 V. Electrophero¬ 
grams obtained were shown in Fig. 9. R.S.D. values of the 
fluorescence intensity ranged from 2.6% for putresine to 3.2% 
for cadaverin (n = 4) using a room-temperature-bonded chip. 
Precision of the retention times for different biomines was better 
than 1.5% R.S.D. The results show that the CE performance of 
room-temperature bonded chips can be used for usually appli¬ 
cations. 

4. Conclusion 

We have developed an effective bonding method at low- or 
room-temperature for fabrication of glass-based microfluidic 
chips without the requirement of clean room environment and 
high-temperature furnaces. The optimized chip fabrication pro¬ 
cess can effective prevent the probably damaged parameters 
from successful bonding, especially the mechanical damage. 
The strong bonding of glass-based chips can be obtained with 
easy and fast (only tens of hours are required) for stabilizing 
the bonding quality when the hydrolyzed glass-based plates 
are treated with HF steam, and with the help of the gridding 
channel design. The above low- or room-temperature bonded 
chips can certainly be subjected to a high-temperature treat¬ 
ment. The evaluation of the fabricated glass microfluidic chips 
by this method has shown that their performances could com¬ 
parable to high-temperature-bonded chips. The lower bonding 
product ratio and the high cost of the glass chip are the bottleneck 
in most laboratories. The simple and effective method for low- 
temperature fabrication of glass microchip devices described 
in this paper will be sufficient for most microfluidic opera¬ 


tions, and useful for those who are engaged in glass-based chips 
fabrication. 
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